Myxococcus xanthus PdeE, an enzyme homologous to class II 3,5-cyclic nucleotide phosphodiesterases, hydrolyzed cyclic AMP (cAMP) and cGMP with K m values of 12 M and 25 M, respectively. A pdeE mutant exhibited delays in fruiting body and spore formation compared with the wild type when cultured on starvation medium.
contain the conserved sequence motif HXHXDH, where X is any residue, found in class II 3Ј,5Ј-cAMP phosphodiesterases (25) . The deduced amino acid sequence of PdeE also showed 30% identity and 27% identity with that of the class II phosphodiesterase CpdP of V. fischeri (7) and that of the class II phosphodiesterase DdPDE1 of D. discoideum (16) , respectively (data not shown).
Expression of PdeE in Escherichia coli and cNMP hydrolysis. The pdeE gene amplified by PCR using the PdeEN and PdeEC primers (Table 1) was cloned into the NdeI/EcoRI sites of a His 6 -tagged expression vector pCold I (Takara Bio), and then the recombinant plasmid, pCold-pdeE, was transformed into E. coli Novablue. Protein expression was induced by incubation at 15°C for 20 h and addition of 0.2 mM isopropyl-␤-D-1-thiogalactopyranoside (IPTG). PdeE, with an N-terminal hexahistidine tag produced in the soluble fraction in E. coli, was purified by affinity chromatography on a Talon CellThru column (Clontech). The purified PdeE protein was analyzed by SDS-PAGE, which revealed a single band corresponding to a molecular mass of 30.5 kDa (data not shown). The value obtained by SDS-PAGE corresponded well with the molecular mass calculated from the predicted amino acid sequence of His-tagged PdeE (29.5 kDa) . Although the enzyme activity might be affected by the His tag sequence present in recombinant PdeE, purified recombinant PdeE was assayed for 3Ј,5Ј-cNMP phosphodiesterase activity. The concentrations of substrates and reaction products were determined by highpressure liquid chromatography (HPLC) analysis (15) . PdeE exhibited phosphodiesterase activity against 3Ј,5Ј-cAMP but not 2Ј,3Ј-cAMP. In contrast to the M. xanthus class III cNMP phosphodiesterases PdeA and PdeB, PdeE also hydrolyzed 3Ј,5Ј-cGMP (15) . The specific activities of purified recombinant PdeE for 3Ј,5Ј-cAMP and 3Ј,5Ј-cGMP at 0.05 mM were 67.5 and 46.3 nmol/min/mg protein, respectively. The optimum temperature for PdeE phosphodiesterase activity against 3Ј,5Ј-cAMP or 3Ј,5Ј-cGMP was 60°C. The relative activity of PdeE at 30°C, the optimum temperature for M. xanthus growth, against that at 60°C was about 50%. V. fischeri CpdP also has a high optimum temperature (about 70°C) (5) . The optimal pH range of the enzyme was found to be 7 to 8, and maximal activity occurred at pH 7.0 (data not shown).
Effects of divalent cations on PdeE activity. (15) .
V. fischeri CpdP and Saccharomyces cerevisiae PDE2 are zinc-containing enzymes (5, 18) , and CpdP dialyzed against buffer containing 1 mM EDTA was reactivated by 1 M Zn 2ϩ , but concentrations above 1 M were inhibitory (5). To investigate whether PdeE is a zinc-dependent enzyme, purified PdeE solution was dialyzed for 100 h against a total of 2 liters of 50 mM Tris-HCl (pH 7.0) buffer containing 1 mM EDTA in 4 changes, and then the EDTA was removed using a gel filtration column (TSKgel G3000SW; Tosoh). The dialyzed PdeE protein did not lose activity, and PdeE activity was not affected by addition of 1 to 100 M Zn 2ϩ , suggesting that class II-type M. xanthus PdeE is not a zinc-dependent enzyme. A 1 mM concentration of Co 2ϩ also enhanced PdeE activity against cAMP 2.8-fold compared with results for the control (no addition), and 1 mM Zn 2ϩ inhibited cAMP phosphodiesterase activity by 60%.
The enzyme activities of 2Ј,3Ј-cNMP phosphodiesterases from E. coli and Bacillus subtilis are activated by heat treatment in the presence of Mn 2ϩ or Co 2ϩ (1, 26) . After PdeE was heated at 37°C (control) or 55°C for 5 min in the presence of 1 mM Co 2ϩ , the reaction was started by the addition of 3Ј,5Ј-cAMP, and the mixture was incubated at 37°C for 45 min. Heat treatment at 55°C for 5 min in the presence of Co 2ϩ activated the phosphodiesterase activity of PdeE against 3Ј,5Ј-cAMP at about 1.9-fold that of the control (data not shown).
Kinetic parameters and substrate specificity. PdeE was analyzed to determine the kinetic parameters for 3Ј,5Ј-cAMP and (Table 3) . PdeE showed high phosphomonoesterase activities against 5Ј-AMP and 5Ј-GMP. In addition to phosphomonoesterase activity, PdeA and PdeB also catalyzed the hydrolysis of nucleoside 5Ј-triand 5Ј-diphosphates. To our knowledge, class II-type cNMP phosphodiesterases that hydrolyze 5Ј-NTP, 5Ј-NDP, or 5Ј-NMP have not been reported.
Inhibitors for cAMP phosphodiesterase activity of PdeE. Dithiothreitol (DTT), at 5 mM, inhibited cAMP phosphodiesterase activity by approximately 80%, whereas the broad-spectrum phosphodiesterase inhibitor 3-isobutyl-1-methylxanthine (IBMX), at 1 mM, had no effect on the activity of PdeE. The effects of inhibitors on PdeE activity were similar to those of class II phosphodiesterases D. discoideum DdPDE1 and DdPDE7, which are dual-cAMP/cGMP-specificity phosphodiesterases (2) . No significant inhibition of activity was observed in the presence of a nonselective phosphodiesterase inhibitor for the 3Ј,5Ј-cNMP phosphodiesterases, theophylline, at 1 mM, a metallophosphoesterase inhibitor, ␤-glycerophosphate, at 0.1 mM, and a eukaryotic protein phosphatase inhibitor, orthovanadate, at 1 mM.
Construction of pdeE mutant. To study the function of PdeE, we constructed a pdeE insertion mutant. The chromosomal pdeE gene was disrupted by insertion of a 1.2-kb fragment containing a kanamycin resistance gene. The oligonucleotide primers pdeE1 and pdeE2 were used to amplify the DNA fragment containing the pdeE gene from the M. xanthus FB (IFO 13542) genome. The PCR product was ligated into a pBluescript SK vector (Toyobo) to construct pT7pdeE. A 1.2-kb DNA fragment containing a kanamycin resistance gene was amplified by PCR with Tn5 (8) as a template and the primers Km1 and Km2. The resulting DNA fragment was inserted into the SmaI site of pT7pdeE. The disrupted gene constructed as described above was amplified by PCR using the above oligonucleotides. The PCR product thus obtained was introduced into M. xanthus FB cells by electroporation, which was performed as described by Plamann et al. (24) . M. xanthus kanamycin-resistant colonies were grown in casitone-yeast extract (CYE) medium containing 100 g of kanamycin per ml, and chromosomal DNAs were prepared from the mutants. Using PCR and restriction enzyme analyses, we confirmed that the kanamycin resistance gene was inserted into the pdeE gene on the chromosomes of the M. xanthus mutant.
Phenotypes of pdeE mutant. The pdeE mutant showed normal growth in CYE medium at optimal (30°C) or high (37°C) temperature and in CYE medium containing 0.2 M NaCl. M. xanthus pdeA and pdeB mutants showed a reduction in growth at 37°C compared with that of the wild type (14) . In addition, S. cerevisiae has low-and high-affinity class II PDE1 and PDE2, respectively, and deletions of PDE1 and PDE2 lead to greater sensitivity to heat shock (22, 23) . When M. xanthus wild-type and pdeE mutant strains were incubated in CYE liquid medium at 45°C for 5 or 10 min, the survival percentage (colony formation) of pdeE mutant cells was slightly higher (3.0 or 0.6%, respectively) than that of wild-type cells (1.5 or 0.3%, respectively) relative to that of untreated cells (defined as 100%) (data not shown). These results suggest that M. xanthus PdeE is marginally involved in the adaptation to high-temperature stress during vegetative growth.
The wild-type and pdeE mutant strains were cultured on starvation medium (clone fruiting [CF] agar). The wild-type cells moved to aggregation centers and then formed moundshaped fruiting bodies by 48 to 72 h on CF agar. Within the fruiting bodies of the wild type, rod-shaped vegetative cells were converted into spherical myxospores. Meanwhile, the mutant cells formed fruiting bodies about 1 day later than the wild-type strain. As a result, the viable spore numbers produced by the mutant at 3 and 4 days were approximately 20% of those of the wild-type strain; however, the final yield of viable spores for the pdeE mutant at 7 days was similar to that of the wild-type strain (Fig. 2) . The result agrees with that of a previous study in which when M. xanthus inoculated on fruiting medium was treated with cNMP phosphodiesterase, fruiting body formation was accelerated compared with that of controls without cNMP phosphodiesterase (21) . On the other hand, 5Ј-AMP .....................................................................................15.2 Ϯ 1.3  3Ј,5Ј-cGMP...............................................................................20.7 Ϯ 0.9  5Ј-GTP ...................................................................................... 5.0 Ϯ 0  5Ј-GDP ..................................................................................... 9.3 Ϯ 0.4  5Ј-GMP................................................................................ 
a cNMP phosphodiesterase activities were measured in a reaction mixture containing 50 mM Tris-HCl, pH 7.0, 10 M substrate, 1 mM metal ion, and enzyme in a total volume of 0. (Fig.   3A) . cDNA was synthesized with PrimeScript II RTase in accordance with the manufacturer's protocol (Takara Bio), and PCR was performed with PrimeSTAR Max DNA polymerase, the primers RTpdeEN and RTpdeEC (Table 1) , and the synthesized cDNA. RT-PCR analysis showed that the pdeE gene was mainly expressed at the mound formation stage (24 h) and the early stage (48 h) of fruiting body formation. The expected 152-bp RT-PCR product was not amplified without reverse transcription (data not shown). The accD gene, MXAN_2704, encoding an acetyl-coenzyme A (CoA) carboxylase carboxyltransferase subunit, which could be part of an operon with pdeE, was located 63 bp downstream of pdeE. We also examined whether accD was transcribed in the pdeE mutant. The expected 218-bp product was amplified at similar levels from cDNA of the wild type and the mutant (Fig. 3B) , suggesting that the phenotype of insertion mutants would not be due to polar effects on the transcription of the downstream gene.
In M. xanthus, the cellular concentrations of cAMP and cGMP increase rapidly to maxima at 15 to 24 h of development and then decrease (9, 29) . The decrease in the cAMP or cGMP level corresponds to an increase in cAMP or cGMP phosphodiesterase. The cAMP and cGMP phosphodiesterase activities of M. xanthus increase dramatically during development, achieve maximum levels at 40 h, and diminish rapidly after 40 h (9) . The specific phosphodiesterase activities in crude extracts of wild-type cells and of pdeE mutant cells at 22, 45, and 72 h of development for cAMP and cGMP are shown in Table 4 . The specific phosphodiesterase activities of the wild type for cAMP and cGMP at 45 h were about 2-fold higher than those at 22 h, and these activities were decreased after 72 h of incubation. There was no significant difference in cAMP phosphodiesterase activities between the wild type and the mutant; however, the activity of pdeE mutant cells toward cGMP at 45 h was 68% relative to that of the wild type (defined as 100%). These results indicate that PdeE is expressed during development of M. xanthus, and it partially contributes to the hydrolysis of intracellular cAMP and cGMP during development. Since this bacterium has at least 11 metallophosphoesterases, which include class III phosphodiesterases, PdeA and PdeB, and a class II phosphodiesterase, PdeE, the regulation of intracellular cAMP/cGMP concentrations may be performed by various enzymes.
In this article, we describe PdeE as a class II dual-speci- 1 and 3) and the pdeE mutant (lanes 2 and 4) were treated with reverse transcription and subjected to PCR of 25 cycles (lanes 1 and 2) or 32 cycles (lanes 3 and 4) with primers RT2704N and RT2704C (see Table 1 ). a Crude extracts were dialyzed against a total of 1 liter of 50 mM Tris-HCl (pH 7.0) buffer in 2 changes, and cNMP phosphodiesterase activities were measured in a reaction mixture containing 0.1 mM substrate and 10 mM CoCl 2 . The concentrations of substrates in the above assays were detected with a reversedphase HPLC system. ficity phosphodiesterase that degrades cAMP and cGMP, and PdeE is the first cGMP phosphodiesterase identified in M. xanthus. It has recently been suggested that cGMP is also an important nucleotide messenger in several bacteria. For example, Rhodospirillum centenum secretes cGMP when developing cysts and uses it for regulation of a developmental process (20) . In Synechocystis, cGMP has been proposed to regulate UV-B-induced photoacclimation (4) . Further work is needed to determined the physiological role of cGMP or cAMP in M. xanthus.
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